Previously we reported an interionic Auger decay following the VUV resonant excitations of the metal atom in the alkali halide molecules. Opening and closing of the spectator Auger decay channel was found to strongly influence the lineshape of the participator decay transitions, an effect attributed to the changes in the lifetime of the VUV-excited state. In this work, the VUV excitation and the following electronic decay of the resonant states of rubidium halides is studied. A series of electron spectra have been measured at photon energies around the 4p → nl resonance excitation region. Experimental results and the theoretical modelling of the excitation and decay spectra are presented.
Introduction
The spectroscopic studies of alkali halide molecules have been of great interest ( [1, 2] and references therein) because of the strong ionic character of their molecular bond, allowing the application of simple theoretical models. The development of modern synchrotron radiation sources and high resolution detectors has opened new possibilities for more systematic analysis. The capability of selecting the excitation energy with high level of accuracy in a broad range allows us to investigate in detail how the electronic transition and the molecular fragmentation processes change with the excitation energy. In earlier studies, it was found that KCl [3] and CsCl [4, 5] monomers differ in cross-ionic electronic decay creating a peculiar molecular fragmentation pattern for different excitation energies. Similar studies have also been dedicated to dimers ([6] and references therein) showing how the relaxation process changes across the excitation energy. In previous publications, we reported that a cross-ionic type of Auger decay follows the VUV resonant excitations of the metal atom in the alkali halide molecules [7] , a process known also as interatomic or (intermolecular) Coulombic decay [8] . In the case of CsCl, the valence photoelectron spectrum showed strong changes in its structure at photon energies corresponding to the inner valence excitation resonance maxima. At these energies, the valence photoelectron spectrum has contributions from two channels-direct ionization and the participator decay (autoionization) of the resonantly excited state. The lineshape changes seen in CsCl spectra were interpreted as due to the participator channel, strongly modified by the lifetime vibrational interference (LVI) effect. Therefore, the lifetime of the excited state, as compared to the vibrational period of the molecule, plays a crucial role. For example, similar changes as for CsCl were not observed in KCl, which was attributed to the shorter lifetime of the resonance, causing the participator spectrum to resemble closely the direct ionization lineshape.
In this paper, as a continuation of our previous work, we present a study of the electronic decay of VUV excited resonant states of rubidium halides. A series of electron spectra were measured at resonant and non-resonant energies around the Rb 4p → nl resonance excitation region in RbX (X = F, Cl, Br, I) molecules, with two main purposes: (i) to obtain a better insight into the character of the VUV-resonances from the comparison with ab initio calculations and (ii) to obtain quantitative estimates on the lifetime of the resonant states and study its dependence on the photon energy. The rubidium halide series was chosen for this study, since preliminary theoretical estimates predicted strong variations within this group in the lifetime between the individual compounds and with the changes of the photon energy.
Experimental setup
Measurements were performed at the beamline 52 at MAX-I storage ring [9] in Lund, Sweden. In this beamline, the synchrotron radiation is dispersed by a 1 m normal incidence monochromator working in the 5-30 eV energy range. The monochromatic light is refocused through a differential pumping section by a toroidal mirror. Photoelectron spectra were recorded at the magic angle of 54.7
• relative to the polarization vector of the synchrotron radiation. For a detailed description of the experimental setup see [10] . Briefly, a commercial hemispherical electron energy analyser Gammadata Scienta SES-100 was used together with a resistively heated oven built at the University of Oulu. The spectrometer was operated at 20 eV pass energy for a corresponding analyser contribution of approximately 70 meV. Samples were evaporated at the 720-820 K temperature range. The calibration of the electron spectra was performed using the Xe 5p photoelectron lines at 13.436 and 12.130 eV binding energy [11] .
Results and discussion

Photoabsorption and Auger electron spectra
The absorption spectra were measured as partial-electron-yield (PEY) spectra of outer valence photoelectron line (autoionization). The absorption spectra are presented as total-ion-yields (TIY) in [12] . The PEY spectra were normalized for the photon flux, but the intensity ratios of the peaks at different photon energies still remain distorted due to the changes in the electron analyser's transmission as the kinetic energy window follows the valence photoelectron lines. The experimental PEY results are presented in figure 1 . The photoabsorption features are mainly related to the RbX monomers [12] , as contributions from dimers is expected to be small (i.e. less than 10%). The series of resonant peaks are assigned to the Rb + 4p 6 → 4p 5 nl excitation [12] . A more detailed assignment for these structures is not possible since our calculations indicated an overlap of several excited states. A series of resonant Auger electron spectra (RAS) were then measured with photon energies tuned on and off the main resonances throughout the photon energy range. A representative selection of the measured RAS is shown in figures 2-5. The shape of the resonance peaks measured throughout the photon energy range presents remarkable differences. For RbF the off-resonance spectra (figure 2(d)) show only a single relatively broad photoelectron line, which is followed by a rapidly rising low kinetic energy background. Moving on the resonant energies (figures 2(a)-(c)), the single peak shape is replaced by structures with either two main maxima separated by about 1 eV or even more complex structures up to almost 2 eV energy region. In the case of RbCl and RbBr, the differences between photoelectron spectra were less obvious. At low photon energies, the RbCl spectrum presents a pronounced asymmetry partially overlapping with the (RbCl) 2 dimer valence peak (∼9.2 eV [13] ). A careful analysis revealed that the asymmetry decreases for higher photoexcitation energies. In the case of RbBr, the two main peaks are partially overlapping with the (RbBr) 2 dimer valence peak (∼9.1 eV [13] ), that appears on the higher binding energy side (figure 4(a)). The shoulder disappears for photon energies higher than approximately 16 eV (see figures 4(b)−(d)). No noticeable differences were spotted in the RAS of RbI throughout the studied region (figures 5(a)−(d)).
Photoexcitation and Auger decay processes
The differences between RAS at different resonances described in the previous section and the different behaviour of each molecule can be understood to result in the interplay between the vibrational motion period of the excited neutral molecules and their lifetime. The lifetime of a resonant state is directly connected with the possible decay pathways following the core excitation (see figure 6 ). In the simple ionic model, we can describe the rubidium halide molecules as a positive Rb + ion and a negative halogen ion: RbX (Rb + 4p 6 , X − n X p 6 ). In this model, the resonant photoexcitation process can be schematically described as where an electron from the Rb 4p-like orbital is promoted to a higher Rb-like Rydberg orbital. The non-radiative electronic decay is energetically forbidden in Rb. The excited neutral molecule can then decay only if the decay involves electron on the halide side of the molecule.
The cross-ionic decay may take place through two possible pathways, participator Auger decay (autoionization) or spectator Auger decay. In the autoionization case, the decaying process can schematically be described as follows: This process involves a cross-ionic electronic decay, where the core hole of the Rb 4p-like orbital is filled with an electron from the more external halogen-like orbital. The initially excited electron is emitted as Auger electron. In this process, the final state is the same as in the direct valence photoionization:
Still in the framework of the ionic model, the spectator Auger decay can be schematically described as RbX Compared to the autoionization decay, this process also involves a cross-ionic decay, the main difference being in the emission of the Auger electron from the halogen atom. As shown in figure 6 , the spectator decay leads to a final ionic state whose energy is higher compared to the final state of the autoionization. Consequently, the neutral molecule has to be excited to a higher-energy state, in order to make the spectator Auger decay possible. The final (valence-ionized) state energy, on the other hand, is largely determined by the halide atom, since the valence orbital is of halide np character. It is then reasonable to expect the activation energy for the spectator process to be strongly influenced by the halide atom substitutions in the rubidium salts. As will be shown in the next section, the opening of the second decay pathway can have remarkable consequences on the shape of the resulting electron spectra and the changes in the line shape correlate with the activation energies for the different molecules.
We note that both the participator and spectator decays lead to a final ionic states that are likely to dissociate producing detectable ions. Considering equations (2) and (4) one would expect emission of Rb + ions and positive halogen ions as dissociation product of the participator and the spectator decay, respectively. This indeed was proven to be a useful tool to observe and separate the two processes. The experimental evidence of the final states dissociation products was observed in [12] where the same RbX series was studied using a Wiley-McLaren type TOF mass spectrometer [14, 15] . In that occasion, the analysis of the partial ion yield revealed the appearance of positive halogen ions (i.e. activation of the spectator decay channel) starting at different photon energies for different rubidium halide compounds.
Lifetime and interference
If the photoabsorption spectrum shows that the peaks corresponding to different vibrational states strongly overlap, considering the core excitation and the following Auger decay as two separated events does not provide an accurate description of the process. In these cases, a treatment based on a single-step model (excitation and Auger decay) is required and the so-called lifetime vibrational interference (LVI) [16] effect needs to be considered. The theoretical background of the LVI effect has been thoroughly discussed in previous studies [16] [17] [18] . In this work, we give a brief summary as a background for the discussion on the next section.
If the photoexcitation process would be immediately followed by the Auger decay (i.e. the lifetime of the intermediate core excited state would be much shorter than the period of the nuclear vibrational motion), then all processes could be properly described as a single scattering event [19] . If this is the case, the intermediate excited state would have virtually no influence on the lineshape of the RAS, which would be identical to the direct photoionization line. If this is not the case, and the lifetime of the intermediate excited state is comparable to the period of the nuclear vibrational motion, then the LVI effect would come into play (see figure 7) . The neutral core excited molecule would have time to relax and the Auger decay would occur at different internuclear distances, resulting in a distortion of the lineshape, a possible shift of the peak position and a different intensity distribution among the vibrational peaks in the resonant Auger spectra. In the case-limit in which the intermediate state lifetime is much longer than the nuclear vibrational motion, the two processes would be effectively decoupled (i.e. the neutral core excited molecule would have time to undergo several vibrations before decaying). In this case, a theoretical approach based on the two-step model and the Franck-Condon factors calculated on the time independent nuclear wavefunctions would be able to properly describe the RAS lineshape with the resulting spectrum reflecting the nodal structure of the vibrational excited state wavefunction.
In this framework one anticipates that the increase of the photoexcitation energy, and the consequent opening of the spectator Auger decay channel, can have a direct effect on the shape of the RAS lines. With a second decay pathway available, one expects the intermediate excited state lifetime to be shorter and consequently the LVI modification of the lineshape could be detectable. As already suggested by Thomas and Carroll [20] and later discussed by Sorensen et al [21] , the LVI effect can then be used for the estimation of the intermediate excited state lifetime.
Calculation details
Ab initio self-consistent field (SCF) [22, 23] calculations of the potential energy curves (PECs) of the ground, excited and final ionic states have been performed using the quantum chemistry software package GAMESS [24, 25] . The aim was to theoretically describe the complex interplay between the electronic excitation and the vibrational motion in the core excited states and the effects of the opening of the spectator decay channel on their lifetime. Correlation consistent Aug-cc-pVTZ basis set was used for F [26, 27] , Cl [28] and Br [29] , the valence triple zeta with polarization 6-311G** basis set was used for I [30] and Sadlej pVTZ basis set was used for Rb [31] . The neutral ground state was calculated using restricted Hartree-Fock (RHF) SCF calculations [32] . Configuration interaction-single excitation (CIS) calculations [33, 34] were used for the core excited states of the neutral molecule. The RHF calculations of the ground states were used as a reference starting point for the single excited configurations. The choice to exclude higher excited configurations in the configuration interaction (CI) calculations was mainly due to the combined effect of two factors: the first was a more strictly computational problem related to the large number of determinants present in the full CI calculations (i.e. convergence, computational time and memory requirements). The second problem was that multiple excitations would have led to a further relaxation of the excited states, making in turn even harder to reach the desired core-hole states. Analogous compromises had to be done for the calculations of the ionic states. In this case, restricted open-shell Hartree-Fock (ROHF) calculations [35] were performed. For the evaluation of the spectator Auger decay final state energies, occupation restricted multiple active space calculations (ORMAS) were performed [36, 37] . The advantage of this method is essentially in the reduced number of determinants present in a full CI calculation due to a partitioning of the active space and the arbitrary choice of the occupational condition for each partition. In this way, it was possible to include single excited configurations in the CI calculations for the determinations of the spectator Auger decay energies. The state energies for different internuclear distances were fitted using a Morse potential energy curve. PECs of irregular shape because of the non-crossing effect have been discarded. PECs for dissociative states have been fitted using Morse potential with large equilibrium internuclear distances. The necessary vibrational excited states energies and wavefunctions were then evaluated. Further theoretical details on LVI calculations can be found in [16] [17] [18] .
Results of calculations
3.5.1. Absorption spectra. The experimental results from this work and from [12] are illustrated in table 1 together with the theoretical results. The photon energy region of the observed resonances is in general agreement with the calculated ranges, although the latter tend to be broader compared to the experimental values. The reason for this is related to the covalent character of the highly excited MO and with the complete active space (CAS) [38] calculations that made the number of contributions rather large. Thus limiting the calculations to include only excitation in the Rb side was not a straightforward task. An example is shown in figures 8(a)−(b) . The two graphs differ by the fact that the first calculated spectrum includes all the single excitations from Rb 4p-like MO, as in the second the contributions from the excitations to chlorine Rydberg orbitals were removed. Note that, as mentioned before, the ionic picture seems to be no longer adequate for the highly excited states, and the terminology such as alkali or halide type of MO might be confusing. In our calculations, the MO of the initial and final states of excitations were described as a contribution of atomic orbitals (AO). In this work, the MO was classified as halogen or alkali type if the corresponding AO made at least 70% of the contributions. Our calculations showed also that the excitations to the halide type of MO seem to lead to a highly dissociative state where the two atoms lose their ionic character and the molecule is likely to dissociate without producing any charged particle. The decay of the excited state would then take place throughout radiative process in one or both the neutral atoms. If this is the case the product would then not be visible in neither the electron nor the ion TOF spectrum. As shown in figure 8 (b) the 'corrected' spectrum turned out to much better represent the experimental results. The same effect was observed in all the studied molecules, with the correction being stronger for heavier halide atoms.
Auger decays and activation energies.
Comparing the measured and the calculated absorption spectra we selected the areas where we had better correspondence and where we could identify a series of theoretical on-resonance photoexcitation energies. For a given excited state, it was then possible to calculate a series of RAS whose shape would depend on the value for the lifetime of the intermediate state used in the computation. Comparing the calculated and the measured spectra for different photon energy, we were then able to follow figure 2(a) ) the lifetime width value of 0.055 eV was used ( figure 9(a) ). A very similar value, 0.05 eV ( figure 9(b) ), was used in order to reproduce the shape of the RAS measured at the resonant energy of 19.60 eV ( figure 2(c) ). For RbF, it was found that the shape of the measured RAS was better reproduced by values of the intermediate state lifetime that did not change considerably within the studied photon energy region.
In the simulations for RbCl a different behaviour was noticed. For the RAS measured at photon energies lower than 18 eV (i.e. figure 3(a) ), the intermediate state lifetime width values that better reproduced the experimental spectra were found to be approximately 0.03 eV ( figure 10(a) ). For higher excitation energies the RAS (i.e. figure 3(c)) were found The complex structures of the RbF on the resonance spectra are a clear signal that there is no obvious lifetime shortening to a value much smaller than the vibrational period through the photon energy range and typical peak shapes from LVI effects can be seen. In the case of RbCl the dimer signal unfortunately partially overlaps with the tail towards lower kinetic energies due to the LVI distortion of the peak shape. The effect of the opening of the spectator channel decay is nevertheless evident from our calculation results with a clear shortening of the intermediate state lifetime for the spectra measured above 18 eV. For RbBr, the effect is weak but visible. Although the double-peak structure consequence of the Stark effect [13] and the presence of the close-lying dimer complicates the analysis of the measured RAS, nevertheless a shoulder of the peak in the lower binding energy side before the dimer peak was detected. The shoulder disappears for higher photon energies, approximately above 16 eV, as expected. For RbI we have a situation similar to the RbBr but no change was found in the peak shapes. This in agreement with the fact that no spectator channel is available in the considered energy range and consequently no shortening of the intermediate excited state lifetime should occur.
Conclusions
The experimental absorption spectra for the RbX(X = F, Cl, Br, I) series have been described by theoretical calculations that confirmed the dominantly atomic rubidium nature of the observed excitations. The line shapes in the electron spectra, following these resonant excitations, were measured and compared with theoretical spectra. The latter shapes were calculated using theoretical potential energy curves and vibrational spacing, with the intermediate state lifetime as an adjustable parameter. The comparison indicates clear shortening of the lifetime above the indicated activation energy of the spectator Auger decay and allowed us to give quantitative estimates of the lifetime. This work allowed us to test the limit of the ionic model for this kind of molecules also in combination with the used computational method. It also showed that the theoretical model for the LVI effect is able to describe the major features of the experimental evidence and can be used for evaluating the changes of the excited states lifetime, which is not directly observable from the experimental line shapes dominated by the vibrational broadening.
